The TGF-β signaling repressors SnoN and Ski have been critically implicated in human cancer.
Introduction
Colorectal cancer is a major cause of morbidity and mortality worldwide. The process of malignant transformation from normal tissue to invasive carcinoma during colorectal carcinogenesis involves the accumulation of genetic alterations in proliferating cells as well as the accumulation of chromosomal aberrations [1] . Transforming growth factor-beta (TGF-β) signaling pathway is known to play a central but complex role in the development and progression of colorectal cancer [2] . TGF-β induces growth arrest of colon epithelial cells and exerts tumor suppressing activity in early stages of colorectal carcinogenesis. However, it is also known to induce epithelial to mesenchymal transition (EMT) and to promote colorectal cancer invasion and metastasis [3] . Understanding how specific alterations in TGF-β signaling pathway contribute to the development and progression of colorectal cancer could provide novel opportunities for anticancer therapies.
SnoN and Ski are important negative regulators of TGF-β signaling since they interact with Smad proteins and repress their transcriptional activity [4] . They are considered to be oncoproteins based on their ability to induce oncogenic transformation of chicken and quail embryo fibroblasts when overexpressed [5, 6] . Moreover, overexpression of SnoN and Ski inhibits TGF-β-induced growth arrest [7, 8] . In accordance to these, up-regulation of SnoN and/or Ski expression has been detected in melanoma [9] , breast cancer [10] , pancreatic cancer [11] and esophageal squamous cell carcinoma (SCC) [12] . However, it has also been shown that SnoN and Ski may act as tumor suppressors since ski and sno deficient mice show increased susceptibility to tumorigenesis [13, 14] .
In colorectal cancer, gene amplification of Ski has been identified as a negative prognostic marker in early-stage disease [15] , while SnoN mRNA expression has been found to be differentially regulated depending on the microsatellite status of the tumor [16] . Amplification and deletion of SnoN and Ski genes, as well as up-or downregulation of SnoN mRNA in colorectal cancer specimens suggests that they exert both oncogenic and tumor suppressive functions in colorectal carcinogenesis. However, the protein expression profile of the TGF-β repressors in human colorectal cancer has never been addressed and their precise role in colorectal carcinogenesis remains elusive.
This study aimed to elucidate the role of SnoN and Ski in human colorectal cancer development and progression. Therefore, we examined, in a series of primary human colorectal adenomas, carcinomas (CRCs) and concurrently excised lymph node (LN) metastases the protein levels and cellular localization of SnoN and Ski. We also studied the correlation of SnoN and Ski protein expression with clinicopathological variables of colorectal cancer as well as with the expression of β-catenin that is strongly linked to colorectal carcinogenesis [17, 18] . We finally quantified SnoN mRNA by Real-Time RT-PCR to see whether transcript expression is related to SnoN protein levels in CRCs.
Materials and methods

Tissue specimens
The study was performed in accordance with the Institutional ethical guidelines and has been approved by the Committee on Research and Ethics and the Scien- Tables 1 and 2 .
Seven of the above and 4 extra primary CRC specimens were also available as fresh-frozen tissue. For these 11 fresh-frozen specimens, paired normal colorectal tissue was also available.
Immunohistochemistry
Immunohistochemistry was performed as previously described [17] . Rabbit polyclonal anti-SnoN and anti-Ski antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were used in dilutions 1:80 and 1:60, respectively, overnight at 4 • C. Bound primary antibodies were detected with the biotinstreptavidine-peroxidase method (Envision detection kit, DAKO, Hamburg, Germany). For negative controls, blocking solution was added instead of the primary antibody. Melanoma and breast carcinoma were used as positive controls for Ski and SnoN respectively.
Immunohistological evaluation
All slides were assessed by two pathologists (HP and VB) independently and blinded to the case. Cytoplasmic expression of SnoN and Ski was homogeneously distributed and intensity of staining was scored as follows: 0 -negative staining, 1 -weak staining, 2 -moderate staining and 3 -strong staining. For nuclear expression of SnoN and Ski both intensity of staining and percentage of positive cells were taken into account and the following scoring system was used: 0 -no staining or weak staining in less than 10% of tumor cells, 1 -weak staining in 10-70% of tumor cells or moderate staining in <40% of tumor cells, 2 -weak staining in >70% of cells, moderate staining in 40-70% of tumor cells or strong staining in 10-40% of tumor cells and 3 -moderate staining in >70% or strong staining in more than 40% of tumor cells.
Immunoblotting
Fresh-frozen tissues were lysed with buffer containing 1% Triton-X, 10 mM EDTA pH 8.0 and protease inhibitors. Lysates were then sonicated 3 times for 10 s and centrifuged to obtain supernatants. Prior to immunoblotting protein lysates were mixed with loading buffer containing 160 mM Tris (pH 6.8), 20% glycerol, 4% SDS, 0.01% bromophenol blue and 200 mM dithiothreitol. Immunoblotting was performed using standard procedures and proteins were detected using the ECL detection system (GE Healthcare UK Ltd., Buckinghamshire, UK). Rabbit polyclonal antiSnoN (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and mouse monoclonal anti-Actin (Abcam plc, Cambridge, UK) primary antibodies were used.
RNA extraction and real-time RT-PCR
Total RNA was extracted from formalin-fixed paraffin embedded tissue specimens as previously described [19] . For RNA isolation from CRCs, FFPE blocks that contained only tumor were selected after careful examination of hematoxylin and eosin stained sections so as to diminish contamination with adjacent normal colon tissue. Similarly for RNA isolation from normal tissues, FFPE blocks that contained only normal colon tissue (from free of disease surgical margins) were selected. From the fresh-frozen tissue samples, total RNA was extracted using the Absolutely RNA RT-PCR kit (Stratagene, La Jolla, USA) according to the manufacturer's instructions. For the samples that both formalin-fixed paraffin-embedded and freshfrozen tissue was available, the fresh-frozen tissue was used for RNA extraction. DNA-free total RNA was quantified using Ribogreen (Molecular Probes, Leiden, The Netherlands) and the MX3000p (Stratagene, La Jolla, USA) according to the manufacturer's instructions.
Quantitative RT-PCR was performed with SnoNspecific primers (forward: 5 -GGCTGAATATGCAGG ACAG-3 , reverse: 5 -TGAGTTCATCTTGGAGTTC TTG-3 ), as previously described [20] .
Statistical analysis
Statistical analysis was performed with the SPSS for Windows, release 12.0 (SPSS Inc., Chicago, IL, USA). Correlations of clinicopathological parameters with protein or mRNA expression levels were analyzed with the non-parametric Kruskal-Wallis or Mann-Whitney tests for ordinal or continuous data. Differences between related groups were tested with Wilcoxon test.
Correlations between expression of proteins (immunohistochemical scores) as well as between protein and mRNA levels were evaluated by the Spearman rankorder correlation coefficient. All ranking tests were performed with correction for ties. The significance level was defined as p < 0.05.
Results
SnoN protein is overexpressed in human colorectal tumors
To address the role of the oncoprotein SnoN in colorectal carcinogenesis we used immunohistochemical staining on 87 primary colorectal carcinomas and 23 lymph node metastases. In 19 cases of CRCs, precancerous lesions (adenomas) were present adjacent to the tumor and they were also evaluated for SnoN expression.
In adjacent normal colon mucosa expression of SnoN protein was either absent or weak cytoplasmic (Fig. 1A) . In adjacent adenomas, intense cytoplasmic and nuclear immunoreactivity for SnoN was observed in areas with severe dysplasia, while mild or moderate dysplasia showed negative or weak cytoplasmic SnoN expression (Fig. 1(B and C) ). Immunoreactivity for SnoN in CRCs was observed in the cytoplasm and nucleus of cancer cells (Fig. 1D ) and variations were observed both in the SnoN expression levels and localization patterns. Eighty three out of 87 (95.4%) primary CRCs overexpressed SnoN either in the cytoplasm or nucleus. Cytoplasmic localization of SnoN was found in 81/87 carcinomas (93.1%), while nuclear staining was detected in 42/87 (48.3%) cases. Both cytoplasmic and nuclear SnoN expression was significantly higher in carcinomas compared to normal colon mucosa (p = 0.002 and p < 0.001, respectively) while no significant difference was observed between invasive and in situ carcinomas (p = 0.324 and p = 0.579 for cytoplasmic and nuclear SnoN, respectively). Cytoplasmic SnoN correlated significantly with disease stage (p = 0.032) with AJCC I and II carcinomas expressing higher levels of SnoN in the cytoplasm compared with tumors of stage 0 or III (Fig. 2(A-C) ). A statistical significant correlation was also found between nuclear SnoN and tumor grade (p = 0.012) with poorly differentiated carcinomas showing higher levels of nuclear SnoN compared to well differentiated tumors as shown in Fig. 2(D-F) . However, there were no significant correlations between cytoplasmic or nuclear SnoN expression and other clinicopathological parameters such as depth of invasion or presence of LN metastases (Table 1) .
Furthermore, 21 out of 23 LN metastases (91.3%) were positive for SnoN either in nucleus or cytoplasm. Cytoplasmic and nuclear SnoN expression was found in 19/23 (82.6%) and 16/23 (69.6%) cases, respectively. However, there was no statistical significant difference in SnoN cytoplasmic or nuclear expression levels between primary tumors and lymph node metastases (p = 0.631 and p = 0.105, respectively) ( Fig. 1(E and F) ) ( Table 1) .
Immunoblotting in 11 cases of paired primary CRCs and normal colon specimens revealed SnoN protein expression in 9 out of 11 neoplastic tissue samples (81.8%) but only in 1 out of the 11 (9.09%) normal tissue samples. SnoN protein, in the rest 10 normal tissue samples, was absent (Fig. 3 and data not shown) .
Ski protein is overexpressed in human colorectal tumors
As Ski is functionally related to SnoN we also examined its levels in a representative subset of our tumors. Specifically, Ski protein expression was studied by immunohistochemistry in 70 primary human CRCs and 21 LN metastases. Expression of Ski in normal colon mucosa was negative or weak cytoplasmic, while 53/70 (75.7%) carcinomas overexpressed Ski. In adjacent adenomas, Ski expression was cytoplasmic and nuclear and it was higher in areas of severe dysplasia compared to areas with lower degree of dysplasia. In carcinomas, staining for Ski was only cytoplasmic (39/70, 55.7%) or cytoplasmic and nuclear (14/70, 20%) (Fig. 4(A-D) ). Cytoplasmic Ski expression was overall found in 53/70 carcinomas (75.7%) while nu- clear localization was detected in only 14 cases (20%). Cytoplasmic and nuclear Ski expression was significantly higher in carcinomas compared to normal control (p = 0.008 and p < 0.001, respectively). Invasive tumors showed higher expression of Ski in the cytoplasm compared to in situ carcinomas (p = 0.039). There was also a significant correlation of cytoplasmic Ski with disease stage (p = 0.001) and, similar to SnoN, AJCC I and II carcinomas showed higher levels of Ski compared to tumors of stage 0 or III. However, there was no significant correlation between cytoplasmic or nuclear Ski with other clinicopathological parameters under evaluation (Table 2) .
Furthermore, Ski was expressed in either the cytoplasm or nucleus in 15/21 (71.4%) LN metastases. Cytoplasmic and nuclear staining was observed in 14/21 (66.7%) and 3/21 (14.3%) of cases, respectively. No significant difference was found in the cytoplasmic or nuclear expression levels of Ski between primary tumors and nodal metastases (p = 0.066 and p = 0.934, respectively) ( Table 2 , Fig. 4(E and F) ).
SnoN and Ski expression in human colorectal cancer correlates with activation of the β-catenin pathway
We next examined the potential correlation of SnoN and Ski protein expression with the expression of β-catenin that is known to be critically implicated in colorectal carcinogenesis [17, 18] . We have previously shown that activation of β-catenin is frequently observed in colorectal cancer and correlates with tumour progression [17] . In 80 CRCs that were identical in both studies nuclear staining for β-catenin was observed in 92.5% of cases. Interestingly, both nuclear SnoN and nuclear Ski correlated with nuclear expression of β-catenin (r = 0.269, p = 0.020 and r = 0.260, p = 0.024, respectively) (Fig. 5) .
Transcriptional upregulation is not the underlying cause of high SnoN protein expression in human colorectal carcinomas
To distinguish whether the SnoN protein overexpression in colorectal cancer is due to transcriptional upregulation, we examined SnoN transcript levels by real-time RT-PCR in 45 paraffin-embedded CRCs and 20 paired normal tissue specimens as well as in 11 paired fresh-frozen CRCs and normal samples.
SnoN mRNA was expressed in 20/20 (100%) normal tissues and in 42/45 (93.3%) carcinomas from paraffin-embedded specimens with median values 0.875 and 0.772, respectively. When SnoN mRNA expression was examined in the 20 paraffin embedded CRCs relative to matched normal specimens, no statistical significant difference was found (median fold difference: 1.125, range: 0.13-3.33).
In the fresh-frozen samples SnoN mRNA was detected in all tissue specimens, both neoplastic and normal. There was no statistical significant difference in the mRNA levels of SnoN in CRCs as compared to normal control (median fold difference: 1.36, range: 0.43-3.39).
While SnoN mRNA expression was found in all normal colon tissue specimens, SnoN protein expression was absent or very low. Moreover, in the 45 paraffinembedded and 11 fresh frozen carcinomas SnoN protein levels did not correlate with SnoN mRNA levels.
Discussion
Defects in TGF-β signal transduction are common in colorectal cancer indicating an important role of the TGF-β pathway in colorectal carcinogenesis. While previous studies suggest a critical involvement of the TGF-β repressors Ski and SnoN in human cancer, their role in colorectal carcinogenesis has not been fully addressed. The current study reports that SnoN and Ski protein overexpression is implicated in the development of human colorectal cancer and suggests that the subcellular localization, correlation with β-catenin activation and increased protein stability significantly contribute to the oncogenic role of the TGF-β repressors in colorectal carcinogenesis.
In the present study, SnoN and Ski proteins were found to be overexpressed in CRCs compared to normal control indicating their oncogenic role in colorectal carcinogenesis. While previous analyses of gene copy status and mRNA expression of SnoN and Ski in CRCs suggest a dual tumor promoting and tumor suppressive role of the TGF-β repressors in colorectal cancer [15, 16] , protein overexpression of Ski and SnoN has been reported in other human malignancies [9] [10] [11] [12] .
Consistent to their role as oncoproteins, overexpression of the SnoN and Ski has been also shown to inhibit TGF-β-induced growth arrest. In addition, we showed that SnoN and Ski protein accumulation is evident from early stages of colorectal carcinogenesis such as adenomas and it did not correlate with tumor invasion and metastases. Our findings indicate that overexpression of the TGF-β repressors is not implicated in CRC progression and metastasis but it is rather important for colorectal cancer development. Collectively, overexpression of SnoN and Ski seem to contribute to the resistance of colon cancer cells to the tumour suppressive functions of TGF-β, exerted in early stage disease, adding to the complexity of the TGF-β signaling pathway deregulation observed in human colorectal cancer.
We also showed that cytoplasmic levels of SnoN and Ski while high in stage I-II carcinomas they significantly decrease in stage III carcinomas and LN metastases. Interestingly, it has been previously suggested that SnoN expression may be regulated differently at distinct stages of carcinogenesis [21] . This regulated expression of SnoN may contribute to the dual role of TGF-β signaling in cancer: early in the course of tumor development, increased levels of SnoN or Ski protein could mediate resistance to TGF-β growth inhibition, while at later stages of cancer progression lower levels of SnoN and Ski may allow TGF-β to promote cancer cell invasion and metastasis.
An important finding of our study was that nuclear SnoN expression in CRCs correlated with ad-vancing tumor grade. The TGF-β pathway is known to be critically involved in intestinal epithelial cell differentiation processes [22, 23] . Since it negatively regulates TGF-β, SnoN may interfere with the normal differentiation process of the intestinal epithelial cells thus contributing to CRC development and tumor de-differentiation. Moreover, increased nuclear SnoN seems to mark tumors with poor differentiation and thus a more aggressive behavior suggesting its potential prognostic significance in the disease.
We also demonstrated a significant correlation of SnoN and Ski nuclear expression with the activation of β-catenin that is strongly linked to colorectal carcinogenesis [18] . In line with our finding, TGF-β signaling inactivation has been shown to interact with β-catenin pathway to drive intestinal carcinogenesis in transgenic mice [24] . Ski has been also shown to be a potent inducer of β-catenin signaling in melanoma [25] . It seems likely that the TGF-β repressors and the β-catenin pathway functionally interact and cooperate to promote colorectal carcinogenesis.
It has also become evident from our study that not only the protein levels but also the intracellular localization of the TGF-β repressors may be of importance for colorectal carcinogenesis. SnoN and Ski in CRCs were localized in both the cytoplasm and the nucleus of cancer cells with predominance of cytoplasmic localization. While Krakowski et al. have previously reported that SnoN is nuclear in malignant tumors [26] , other studies have shown both cytoplasmic and nuclear localization of the TGF-β repressors in human malignancies [9] [10] [11] [12] . In addition, our findings show that cytoplasmic and nuclear SnoN and Ski related differently to pathologic variables of CRCs such as stage and grade and only nuclear expression correlated to β-catenin signaling. Distinct localization patterns in relation to different tumour characteristics have been also reported for SnoN in breast carcinomas [10] . It is also known that while nuclear SnoN represses Smad transcriptional activity, cytoplasmic SnoN antagonizes TGF-β signaling by sequestering the Smad proteins in the cytoplasm [26] . Taken together, these data suggest that the subcellular localization of the TGF-β repressors in CRCs may produce different patterns of downstream responses, thus differentially affecting colorectal cancer biology.
In contrast to the overexpression of SnoN protein observed in all tumors compared to adjacent normal colon, SnoN mRNA did not differ significantly between CRCs and controls. Furthermore, there was no statistical significant correlation between SnoN protein and mRNA expression levels. Overexpression of SnoN in human cancer could occur by different mechanisms such as gene amplification, transcriptional upregulation or increased protein stability. However, the distinct mRNA and protein expression profile suggests that the excess of SnoN protein we observed in colorectal cancer may be due to dysregulation of proteasome degradation rather than transcriptional upregulation. This hypothesis is supported by recent evidence in esophageal cancer cells where abrogation of SnoN degradation caused resistance to TGF-β-mediated growth arrest [27] . Mutations that could render inert the proteins which mediate SnoN protein degradation [28] [29] [30] [31] or mutations that could confer degradation-resistance characteristics to SnoN leading to colorectal cancer is an interesting possibility that needs to be investigated.
Collectively, the above findings implicate SnoN and Ski protein overexpression in early stages of human colorectal carcinogenesis and provide evidence that increased nuclear SnoN represents a potential marker of poorly differentiated tumors. The subcellular localization of the TGF-β repressors and their correlation with the β-catenin pathway seem also to be important for their oncogenic role in colorectal cancer. The distinct protein and mRNA expression profile, finally, indicates that increased protein stability may account for the protein accumulation of SnoN in colorectal cancer.
